We investigated the adsorption of 2,5-di-chloro-thio-phenol ͑DCTP͒ on Cu͑111͒ at 15 K and the formation of the thiolate upon electronic and thermal excitation. Initially, the sulfur atom of DCTP adsorbs at an on-top site and the molecule is able to rotate through six almost identical surface orientations. Attachment or removal of electrons from anywhere within the molecule at several hundred mV bias leads to the abstraction of the hydrogen atom from the thiol group in a nonthermal one-electron process with perfect selectivity. The resultant thiolate is locked into position on the surface.
I. INTRODUCTION
The recent emergence of the field of molectronics calls for the reliable and well-understood attachment of organic molecules to metal surfaces. Presently, most molectronic systems utilize thiol coupling: when an organic molecule containing a thiol ͑-SH͒ group is brought in contact with a coinage metal surface ͑Au, Cu, etc.͒ at ambient temperatures, the thiol group deprotonates readily and a strong moleculesulfur-metal bond is established. The most common choice of substrate material is gold. However, thiol molecules establish a very similar bond to copper surfaces, yet little is known about the initial steps of the thiol-copper interaction, especially for aromatic thiols.
Measurements of the Woodruff group addressed methanethiol on Cu͑111͒. Upon adsorption at low temperatures they find a nondeprotonated species, 1, 2 which is transformed into the thiolate before room temperature is reached. We investigate the adsorption of 2,5-dichlorothiophenol ͑DCTP, Fig. 1͒ , an aromatic thiol, on Cu͑111͒ at 15 K. In contrast to alkanethiols ͑such as methanethiol͒, the phenyl group of DCTP has potential for molecular conductivity. Many molectronic systems link chains of substituted aromatic rings by thiol groups to a metallic substrate. Our choice of an asymmetrically halo-substituted species was guided by the anticipation that halo substitution will confer strong substrate interaction on the molecule, which will render imaging conditions in STM more stable. Unsubstituted benzene rings generally image as featureless protrusion 3 in STM, which makes it impossible to fathom their surface orientation from STM images in a straightforward fashion. The asymmetric halo substitution of DCTP may serve as an indicator of the molecular orientation and, thus, may allow more detailed evaluation of our images.
Working on the system C 6 H 6 /Si, the group of Wolkow was first to achieve STM-based conversion of a highly mobile physisorbed species to a tightly bound chemisorbed state. 4 In this article we present a related phenomenon: the deprotonation of DCTP to the thiolate similarly transforms a mobile surface species to a tightly bound, immobile one. In contrast to benzene, which can bind to silicon by any of its six equivalent carbon atoms, the comparatively high reactivity of the thiol group confers perfect selectivity to the molecule with respect to the intramolecular position of the coupling site. Recently, the Ho group pioneered vibrational spectroscopy by STM, 5 which was realized by a number of groups since. 6, 7 We utilize this technique to follow the chemical identity of the investigated species during the deprotonation reaction.
The formation of a strong carbon-sulfur-copper bond involves abstraction of one specific of the four hydrogen atoms of DCTP. The S-H bond is the weakest bond in the molecule. Hence, selectivity for its scission is not surprising from macroscopic chemistry. However, upon local excitation of the molecule on a surface, scission of this bond is in competition with the molecule's lateral diffusion, 6 which can transfer it out of the excitation region under the tip. 6 We find that thermal excitation results in both diffusion and deprotonation. The STM-based case, however, turns out to be very selective for the latter.
A number of STM-based experiments targeted specific intramolecular bonds ͑a͒ by precise positioning of the tip at the targeted bond; 8 ͑b͒ by introduction of halogens; 3 and ͑c͒ by the presence of multiple bonds 9 in the molecule. The sulfur-induced selectivity observed in DCTP has the advantage that it can target one specific hydrogen atom out of several contained in the molecule while not requiring atomically precise positioning of the STM tip: we find that wherever in the image of the molecule electrons are introduced/ abstracted, the excitation may always be transferred to the S-H bond. S-H bond scission is the exclusive result of STM-based excitation. The efficient intramolecular excitation transfer responsible for this phenomenon may be regarded as a manifestation of the appreciable electric conductivity of aromatic thiols. Our observation of efficient a͒ Electronic mail: ludwig.bartels@ucr.edu excitation distribution within the molecule may be helpful in the design of future molectronic devices.
The chemically induced selectivity of the hydrogen abstraction at relatively low precision of the position of the exciting tip may render STM-based excitation of thiols an important technique for anchoring molecules assembled by local-probe methods using techniques such as initiation of molecular chain reactions, [9] [10] [11] and multiple probe designs.
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II. EXPERIMENT
All experiments were performed in a home-built STM housed in an ultrahigh vacuum chamber and equipped with a commercial helium flow cryostat that allows cooling of the STM to 15 K. 13 The base pressure of the chamber is below the range of our hot-cathode ion gauge ͑i.e., Ͻ3*10 Ϫ11 torr, calibrated for nitrogen͒ and is expected to be much better within the cryoshields of the STM at 15 K. The sample was prepared by several Ne ϩ sputtering and annealing cycles ( pϽ3*10 Ϫ10 torr), then inserted into the LN 2 -cold cryostat and cooled to 15 K. Cleanliness of the sample was ascertained by STM both at LN 2 and LHe level. No more than 1/10 000 of a monolayer of contamination was regarded as acceptable, i.e., only one or two molecules per image frame. All contamination found on acceptable samples appeared as indentations. We transferred some of these contaminants onto the tip one at a time as described in Ref. 14. This generally resulted in a change of the imaging properties of the tip that is characteristic for CO.
14 Finally, DCTP was deposited by backfilling of the chamber to 1*10 Ϫ8 torr ͑nitrogen calibrated͒ and exposure of the sample at 15 K for Ϸ30 s. Imaging started within a few minutes.
III. RESULTS
At imaging parameters of Ϸ100 mV bias of either polarity and at low currents of Ϸ0.1 nA we find flower-shaped entities on the surface ͓Figs. 2͑a͒, 2͑b͔͒. The transfer of a CO molecule onto the tip 14 increases the imaging resolution significantly and it becomes obvious that 50% of the species appear to have their ''petals'' bent to the left and 50% to the right. Figure 4 shows images taken without CO functionalization of the tip. The ''helicity'' of the adsorbates is less pronounced but still recognizable.
Variable temperature STM requires piezo calibration at every operation temperature, as the piezoelectric response is strongly temperature dependent. Shortly before acquiring the images of Figs. 2͑a͒ and 2͑b͒ we obtained atomic-resolution images on Cu͑111͒ ͓Fig. 2͑c͔͒. The interatomic distance of Cu͑111͒ is 2.5 Å and the surface has sixfold symmetry in the top layer. Using Fig. 2͑c͒ for calibration, we find that the species of Figs. 2͑a͒ and 2͑b͒ have a diameter Ͼ13 Å, which is much larger than the ''length'' of a DCTP molecule of 6.3 Å ͑measured between the chlorine atoms͒. Hence, the observed features cannot each represent a single DCTP molecule resting on the surface.
In order to learn more about the observed features, we first establish the adsorption site of their center. To this end we identify a CO molecule that lies in the vicinity of one of the circular features using our technique of transferring another CO molecule onto the STM tip.
14 Isolated CO molecules always adsorb at on-top sites. Hence, the identification of a CO molecule in the vicinity of the DCTP molecule supplies us with registry information on the surface. 15 In conjunction with the piezo calibration obtained from 2͑c͒, we find that the center of the sixfold shape also resides at an on-top site. We will describe below that by molecular excitation we can confirm that the observed circular species represents only one molecule. From these two pieces of information, we can deduce the adsorption behavior of DCTP ͓Fig. 2͑d͔͒. Essentially, we note that the absolute size of the observed feature requires that the molecule is rotating around one of its substituents. The only unique substituent is the thiol group, which is known to interact strongly with the substrate. Hence, we assume it to be the fulcrum of the molecular rotation. If a chlorine atom served as the center of the rotation, then sometimes one of the chlorines could do so and sometimes the other, which would allow net motion of the molecule on the surface. This is not observed.
Consequently, DCTP adsorbs with its sulfur atom on top of a Cu substrate atom. The phenyl ring is able to rotate around the sulfur atom through six adsorption geometries like a horse on a peg. This generates a pattern of six petals which are equally distributed around an on-top site. All six orientations are equivalent with respect to the topmost substrate layer and the m-Cl always comes to rest at a hollow site. Some rotational mobility of DCTP is not quite unexpected as iodo-substituted benzene is also mobile on Cu͑111͒ terraces at 15 K; it is found to be stationary only at step edges. 3 While DCTP is not chiral in the gas phase, upon adsorption on a surface there are two enantiomers possible: one with the o-Cl to the right of the S-C bond ͓as shown in Fig.  2͑d͔͒ and one with it on the left. The former gives rise to a ''flower'' pattern whose appearance suggests clockwise rotation ͓Fig. 2͑b͔͒; the latter generates the appearance of anticlockwise rotation. This appearance is generated by the asymmetric chlorine substitution and does not indicate any ''true'' direction of rotation. 16 Close investigation of the molecule using a circular linescan averaged between the inner and outer rings of Fig.  2͑b͒ reveals a sequence of alternating peak heights ͓Fig. 2͑e͔͒. Cu͑111͒ has sixfold symmetry in the top layer; if the second layer is included, only threefold symmetry is found, because half of the hollow sites have an atom directly under them ͑hcp-hollows͒ while the other half does not ͑fcc-hollows͒. In the sketch of the molecular adsite ͓Fig. 2͑d͔͒, it is apparent that the m-Cl adsorbs alternatingly at fcc and hcp hollows. The succession of different adsites gives rise to the alternating peak height in the linescan ͓Fig. 2͑e͔͒. For reference, on the bulk-terminated Cu͑I͒Cl ͑111͒ surface chlorine occupies exclusively fcc places with respect to the Cu sublattice. The bond lengths of Fig. 2͑d͒ are derived from a density functional theory calculation of the molecule on an 8-atom Cu-cluster using a 6-31G* basis and B3LYP functionals. 17 They are very close to the gas-phase values. When DCTP adsorbs close to a step edge or another molecule, some of the six positions of the benzene ring may be blocked and STM images reveal an incomplete flower shape. Depending on the extent of the steric hindrance, 1 to 5 ''petals'' are observed. The sixfold symmetry of the shape of DCTP ͑in first approximation͒ further confirms adsorption at an on-top site: the on-top site is the only site on an fcc͑111͒ surface that has sixfold symmetry on the length scale of an S-C bond with respect to all top-layer surface features. A bridge/hollow site has two/three top-layer substrate atoms that are closer than all other ones, which would reduce the symmetry of the shape of a rotating DCTP to a maximum of twofold/threefold.
In the gas phase the sulfur atom of DCTP lies in the same plane as the phenyl ring. Even if this is not perfectly retained upon adsorption on Cu͑111͒, the larger size of the sulfur atom compared to a carbon atom causes a larger separation of the phenyl ring from the Cu͑111͒ surface compared to the equilibrium separation for benzene adsorption. This may contribute to the facile rotation of DCTP even at 15 K. It may be noted that the observation of six different surface orientations of DCTP rather than a ''donut'' shape indicates that the molecule spends significantly more time at each of these six sites than in transition between them. The concept of a molecular rotor with a fixed number of stable positions ͑similar to Ref. 18͒ may be applicable.
On-top adsorption of sulfur is indicative of a twofold coordination of the sulfur inside the molecule. 1, 19 For instance, thiophene adsorbs on top, whereas methanethiolate prefers a higher coordinated site. Our finding of an on-top site indicates that the sulfur is still bound both to the phenyl ring and to a hydrogen atom, i.e., the hydrogen abstraction, which causes the strong thiol bond to the substrate, did not occur yet. In order to ascertain this conclusion, we performed STM-based vibrational spectroscopy ͑Fig. 3͒. A d 2 I/dV 2 spectrum obtained on a DCTP molecule using a lock-in amplifier operated at 2 kHz and at 20 mV modulation bias shows a pronounced feature close to 320 meV ͑2550 1/cm͒, i.e., close to where the S-H stretch modes are found in the gas phase. Experiments in the Ho group show that vibrational modes that point out of the surface plane are observed more prominently than those lying in plane. 20 Our calculations of the molecular adsorption geometry confirm that the S-H bond is the only intramolecular bond that does not lie in the surface plane. Hence, it is expected to be more prominent than all other vibrational modes. Periodic features are found at lower bias. Spectra obtained on the bare surface and after deprotonation of the DCTP also show such oscillations; their wavelength and amplitude strongly depends on the distance FIG. 3. d 2 I/dV 2 spectra obtained at 2 kHz, 20 mV modulation bias and 100 pA current ͑at Ϫ100 mV) on DCTP before excitation ͑top͒, on DCTP after excitation ͑middle͒, and on the bare surface ͑bottom͒. The tick marks indicate the offset between the spectra. The large feature close to 320 mV corresponds to the S-H stretch mode. It is only found before excitation. At negative sample bias, a corresponding feature can be found at ϷϪ320 mV ͑gray spectrum, sign inverted͒. The portion of the spectrum closer to E F is omitted because the signal from the surface state band edge would exceed the limits of the graph.
to the nearest DCTP molecule or step edge. The scattering of the surface state is known to cause an oscillatory behavior in dI/dV spectra ͑and, consequently, also in their derivative͒. This is a well-studied phenomenon 21 known to decrease monotonically with increasing separation from E F , i.e., just as observed here. The pronounced feature close to 320 meV, however, cannot be understood in terms of surface state oscillation. It clearly indicates the presence of an S-H bond in DCTP. A similar feature can be found at inverted polarity ͑gray spectrum͒, where at lower energy the surface state band edge dominates the spectrum ͑not shown͒.
Application of several hundred pA current at more than 300 mV bias of either polarity anywhere within the STM image of the molecule can transform it into a simple elongated species. Below 300 mV bias of either polarity we do not observe any reproducible reaction yield, even if we expose DCTP to currents of several hundred pA for minutes. With increasing absolute value of the bias the transformation becomes more and more efficient. We present a quantitative analysis of the reaction yield in the next paragraph. Figure 4 shows two images taken before ͓Figs. 4͑a͒, 4͑d͔͒ and after ͓Figs. 4͑c͒, 4͑f͔͒ excitation of DCTP by electrons at Ϫ500 mV sample bias. The simple shape of the excitation product ascertains that the original images ͓Figs. 2͑a͒, 2͑b͔͒ were not generated by clusters of molecules. No signature of the S-H mode can be found in d 2 I/dV 2 spectra of the product species ͑Fig. 3͒ suggesting that the transformation observed is the deprotonation of DCTP. A superposition of the initial and final image ͓Figs. 4͑b͒, 4͑e͔͒ assisted by external molecules as reference indicates that the product molecule is located Ϸ 1 2 adsite displaced and slightly rotated with respect to the closest petal of the flower shape. Figures 4͑c͒ and 4͑f͒ show that the product species have a small protrusion on their side ͑yellow arrows͒, which is located Ϸ 1 2 adsite next to the center of the original flower pattern. The shoulder points at an angle of Ϸ60°to the major axis of the elliptical species. Consequently, we regard it as the sulfur atom. The close proximity between the image of the benzene ring and the sulfur atom do not allow resolution whether the sulfur atom resides at a bridge or at a hollow site, but it is certain that it does not occupy an on-top site. This shift of the sulfur atom to a higher coordinated site is a phenomenon well known for the thermal deprotonation of methanethiol. 2 The reaction shown in Fig. 4 is the exclusive response to STM-based excitation. We find no reaction products of different geometry, nor do we observe induced diffusion. Hydrogen is expected to be mobile at our operation temperature of 15 K. 22 Hence, the abstracted hydrogen cannot be resolved in our images.
In order to ascertain that the STM-based excitation generates the same product as the thermal deprotonation, we heated the sample to LN 2 temperature. At this temperature the molecules diffuse to step edges and thermal deprotonation occurs. After cooling back to 15 K some molecules are found directly on the step edge facets and the remainder are adsorbed immediately next to step edges. None of the molecules shows any sign of rotation on the surface. The molecules adsorbed next to step edges appear identical to the molecules of Figs. 4͑c͒ and 4͑f͒, which further confirms the identity of the product of the STM-based excitation process. The mechanism of the STM-induced reaction may, however, differ significantly from the thermally induced case as the energy of the electrons, that are abstracted or added to the molecule by STM, does not follow a thermal distribution.
In order to gain a better understanding of the STMinduced reaction mechanism, we measured the deprotonation yield as a function of the tunneling current 23 in the following fashion: once we decided on a specific molecule, we scan its immediate vicinity at high lateral resolution ͑10 pm pixel distance͒ using tunneling parameters of Ϫ100 mV and 100 pA current ͑similar to Fig. 4͒ . Then, we guide the tip to an arbitrary position within the flower shape, disable the feedback loop, switch the bias to Ϫ500 mV, and excite the molecule for 4.4 s. Subsequently, another high-resolution image of the vicinity of the molecule is scanned. This experimental procedure was repeated on several hundred molecules using three different excitation currents ͑240, 340, and 510 pA͒ and always Ϫ500 mV sample bias. The difference in current was realized by reducing/increasing the tunneling gap by a few percent.
During the excitation, the tunneling current exhibits a sharp step ͑reduction by Ϸ50%), which represents the deprotonation event ͑Fig. 5, top part͒. Using lower voltages or shorter excitation times ͑e.g., Ͻ1 s) we find a transition yield smaller than 1, i.e., the shape of the image does not change in all cases. We fitted an exponential decay law to all deprotonation times that were measured at one fixed current. The reciprocal of the decay constant is the reaction rate. FIG. 4 . ͑Color͒ STM images of DCTP molecules of both helicities ͑sample biasϭϪ93 mV, currentϭ100 pA). The red images were taken before excitation of the molecule at Ϫ500 mV; the green images are taken after excitation. Both initial helicities yield an ellipsoid species with a small hook close to the initial center of the image ͑arrow͒. The fuzziness in ͑c͒ and ͑f͒ might stem from rapid diffusive motion of the abstracted hydrogen.
Repeating this procedure for three different currents, we obtained the data presented in Fig. 5 ͑bottom part͒. The error bars stem from the uncertainty of the fit assuming statistical error (ͱn) in the distribution of deprotonation times. Figure  5 shows a linear dependence of the deprotonation rate on the current. This indicates that a one-electron process 24 is at the core of the deprotonation reaction. On average, 4.6ϫ10 9 electrons need to be transferred in order to induce the deprotonation of one molecule.
IV. DISCUSSION
The interaction of aromatic thiols with coinage metal surfaces gains significant attention because of the facile formation of ordered thiolate films in such systems. Easy formation of the thiolate and facile diffusion of the molecule on the surface are crucial steps in the development of such films. Correspondingly, we find a very early onset of both diffusion and deprotonation that lies between 15 K and LN 2 temperatures. This points to very low energetic barriers for these processes. Nevertheless, we find that STM-induced excitation is perfectly selective for deprotonation and does not cause any diffusion. This poses the question, why STMbased excitation couples preferentially to the molecular degrees of freedom that are associated with the deprotonation. In the literature we find systems, in which STM-based excitation is highly specificity ͓e.g., ammonia on Cu͑111͒, 25 CO on Cu͑110͒ ͑Ref. 6͔͒, and systems, in which more than one reaction may be caused ͓e.g., excitation of the 2* state of CO on Cu͑111͒ 24 causes both desorption and diffusion͔. The key difference between STM-based and thermal excitation is the energetic distribution of the involved electrons ͑and phonons͒. Specifically, our STM-based experiments utilize the transfer of electrons from the molecule to the tip ͑or vice versa͒ which have an energy of 300 meV or more. Hence, these electrons can vacate or populate electronic states that lie far beyond the width of the Fermi distribution at the given temperature. We speculate that the charging of the molecule associated with this electron or ''hole'' attachment will increase the molecule's interaction with the metallic substrate ͑i.e., by induction of an image charge͒ and consequently it will rather pull the molecule towards the surface than excite its diffusion. Bartels et al. 24 measured the electronic deexcitation time for CO on Cu͑111͒ at 2.7 V bias to be Ϸ3 fs. Values for unsubstituted benzene are about six times larger. 26 Fermi liquid theory predicts a dependence of the electronic relaxation time on the electron energy with 1/energy 2 ͑Ref. 27͒. Consequently, we may expect a deexcitation time of DCTP of t el Ϸ100 fs if its substrate interaction rather resembles CO than unsubstituted benzene. This is sufficient for the formation of a mirror charge, which is thus available to hold the molecule at its original position, as speculated above.
The majority of the experiments reported in the literature finds high spatial selectivity for STM-based excitation processes. For this fashion, Ho's group was able to address specific hydrogen atoms of adsorbed hydrocarbons. 8 In earlier experiments, Hla et al. found that charge reorganization within an iodobenzene molecule is rapid enough to cause iodine abstraction from iodobenzene to be independent on the precise electron injection point. 3 Subsequent experiments showed that this effect is so pronounced, that in 1,4 diiodobenzene always both iodines are addressed and abstracted simultaneously, no matter where in the molecule the charge is injected. The case of DCTP is slightly more involved, as the abstracted hydrogen is not directly attached to the benzene ring. Yet, we observe in Hartree-Fock calculations of the orbitals of the free molecule ͑using a 631-G** basis͒, 17 that its HOMO-1, HOMO, and LUMO all have considerable DOS both near the S-H bond and across the ring. While the precise orbital setup of the molecule is expected to change significantly due to adsorption, the delocalization of charge across the aromatic ring and the presence of considerable molecular DOS close to the sulfur atom near the Fermi energy are features that are very likely preserved upon adsorption and, thus, may explain the independence of the hydrogen abstraction of the precise charge injection point.
Apart from this purely electronic argument, the facile abstraction of S-H can also be understood from a geometric point of view: upon adsorption of DCTP, the S-H bond is expected to point partially away from the surface ͑Fig. 6͒, which was verified in the course of our calculation of the bond lengths. At a vibrational level spacing of 320 meV for the S-H stretch mode, hydrogen abstraction along its axis is very unlikely at a total excitation energy of 500 meV. Consequently, the hydrogen may not be ejected into vacuum along the direction of the S-H bond ͑blue arrow in Fig. 6͒ . Then, the only abstraction pathway conceivable is the transfer of the hydrogen along the Cu-S-H bending mode to the substrate ͑yellow arrow in Fig. 6͒ . Earlier, we speculated that transient electron/hole attachment to the molecule will prevent diffusion by pulling the benzene ring closer to the substrate through an image charge effect. Vertical motion of the benzene ring may either be accomplished by changes to the Cu-S-phenyl angle or the Cu-S distance. Both cases affect FIG. 5 . ͑top͒ Tunneling current during the abstraction of a hydrogen atom. The step indicates the time at which the hydrogen abstraction occurred. ͑bottom͒ Deprotonation rate for three different tunneling currents at Ϫ500 mV sample bias as obtained from several hundred experiments. The linear dependence indicates a first-order, single electron process. the Cu-S-H angle for purely geometric reasons, which amounts to an excitation of the very Cu-S-H bending mode that we identified to be responsible for the hydrogen abstraction ͑Fig. 6͒.
The validity of this model requires ͑a͒ that the electronic excitation resides long enough at the DCTP to induce its geometric response and ͑b͒ that the vibrational deexcitation of the Cu-S-H bond is fast enough to quench the mode completely between two successive electron transfers, as otherwise no first-order dependence of the hydrogen abstraction yield on the tunneling current would be measured. ͑a͒ The measured deprotonation rate corresponds to a per electron yield of less than 1 ppb. If a constant electronic deexcitation probability is assumed ͑i.e., an exponentially decaying distribution of electron/hole attachment durations͒, then, e.g., for 1 in Ϸ20 000 attachments, the electron will reside for 10 t el at the molecule. Given the overall deprotonation yield of less than 1 in 1 billion, the occurrence of attachment duration of 10 t el Ϸ1 ps is quite reasonable, even if other reaction steps constrain the yield additionally. To the knowledge of the authors, no literature value of the energy of the DCTP-Cu stretch mode is reported. However, there is a substantial body of literature on benzenethiol on Au͑111͒, 28 where a similar mode is found around 40 meV, which corresponds to an oscillatory cycle shorter than t el . Consequently, molecular reorganization in response to the induced image charge is clearly possible. ͑b͒ Vibrational lifetimes of molecules adsorbed on metal surfaces are known from various experimental techniques such as line broadening of infrared spectra and optical pump-probe experiments ͑for a review, see Ref. 29͒. They are best studied for CO, where generally t vib Ͻ10 ps is measured. Our tunneling current of hundreds of pA corresponds to an excitation rate of slightly more than 1 e Ϫ per ns or Ϸ1 e Ϫ /100 t vib . Assuming an exponential decay law, after 100 t vib there is only 10 Ϫ43 of the initial vibrational population left. Given our yield of Ϸ10 Ϫ9 , it is clear that remnant vibrational excitation cannot play a significant role in the deprotonation of DCTP, which agrees well with our observation of a first-order process.
The resultant thiolate is stable to exposure of several nA current at up to 2 V but can be modified at higher bias. Before and after deprotonation the STM tip can transfer the molecule laterally, and characteristic hopping patterns 30 are observed. In combination with the hydrogen abstraction, this suggests a novel route for the assembly of nanoscopic structures: molecules are successively transferred by STM to their desired surface location; once it is reached, they are locked in place by the deprotonation of their thiol group, which will restrain subsequent thermal diffusion. In summary, we investigated the adsorption configuration of DCTP on Cu͑111͒ focusing on the transition of the sulfur from an on-top to a higher coordinated site in conjunction with the formation of the thiolate. STM-based excitation strongly favors this transition over diffusion, which is in contrast to the thermal case. This observation is explained by a model based on image charge effects.
